Cytoplasmic polyadenylation of speci®c mRNAs is commonly correlated with their translational activation during development. A canonical nuclear polyadenylation element AAUAAA (NPE) and cytoplasmic polyadenylation element(s) (CPE) are necessary and suf®cient for polyadenylation during egg maturation. We have characterized cis-acting sequences of Xenopus nuclear lamin B1 mRNA that mediate translational regulation. By injection of synthetic RNAs into oocytes we show that the two CPE-like elements found in the 3 H -untranslated region of B1 mRNA act as translational repressors in oocytes. The same CPEs in conjunction with the NPE confer transient polyadenylation and translational activation during egg maturation. Poly(A) length determination of the endogenous lamin B1 mRNA reveals a gradual increase of poly(A) tail length in early development up to mid-blastula, and a shortening of poly(A) tails during gastrulation and neurulation. The same kinetic and extent of polyadenylation and poly(A) tail shortening is observed with synthetic RNAs injected into fertilized eggs. Polyadenylation and translational activation of these RNAs is independent of the two CPEs and a NPE during early development. While translational regulation of lamin B1 mRNA functions in parts via established mechanisms, the pattern of polyadenylation and deadenylation during early development points to a novel mode of translational regulation. q
Introduction
Early development of many animals is programmed by mRNAs and proteins that are inherited by the egg at the time of fertilization. Most of the components required for this maternal programming accumulate during oogenesis and are stored in an inactive or dormant form in oocytes until they become activated in a stage-speci®c manner during egg maturation and subsequent development. Nuclear lamins, the major skeletal proteins of the nuclear envelope, are among those components (reviewed in Stick and Dreyer, 1989) . Lamins form a ®lamentous network at the inner aspect of the nuclear envelope. They function in the maintenance of nuclear shape and stability and are involved in DNA replication (reviewed in Houseweart and Cleveland, 1998) . Expression of lamin subtypes is developmentally regulated. Lamin B3, quantitatively the major lamin of the Xenopus oocyte nucleus, is synthesized throughout oogenesis. After lamina disassembly during egg maturation, oocyte lamin B3 serves as a lamin protein pool for the formation of the nuclear lamina of the cleavage nuclei up to the mid-blastula transition (MBT) (Benavente et al., 1985; Stick and Hausen, 1985) . The major somatic lamins, B1 and B2, are only found in trace amounts in oocytes and early embryonic nuclei (Lourim et al., 1996) . mRNAs encoding these lamins are, however, synthesized early in oogenesis and are stored in dormant form in oocytes (Krohne et al., 1987; Stick, 1988) . Synthesis of lamin B1 is (transiently) increased during egg maturation (Lourim et al., 1996) , repressed during early cleavage divisions and is up-regulated again during MBT. Although zygotic transcription starts at this time, synthesis of B1 protein at MBT is independent of embryonic transcription. Rather it is due to translational activation of the maternal store of B1 mRNA (Stick and Hausen, 1985) .
Translational activation of dormant mRNAs is often correlated with polyadenylation of the mRNA within the cytoplasm. Cytoplasmic polyadenylation has been observed in a diverse array of species from star®sh to mammals (reviewed in Richter, 1996; Wickens et al., 1997) . The importance of regulated changes in poly(A) tail length has been demonstrated in several developmental systems: for example, meiotic maturation of mouse and frog oocytes requires cytoplasmic polyadenylation of c-mos mRNA (Sheets et al., 1995; Gebauer and Richter, 1996) and both, anterio-posterior and dorso-ventral patterning in Drosophila requires cytoplasmic polyadenylation of bicoid and Toll mRNA, respectively (Salle Âs et al., 1994; Lieberfab et al., 1996; Schisa and Strickland, 1998) .
Discrete cis-elements in the 3 H -untranslated regions (3 HUTRs) of maternal mRNAs regulated by cytoplasmic polyadenylation have been identi®ed in Xenopus and mouse. These elements have been named cytoplasmic polyadenylation elements (CPEs) (Fox et al., 1989; McGrew et al., 1989) or adenylation control elements (ACEs) (Huarte et al., 1992) . CPEs, together with the nuclear polyadenylation element (NPE) AAUAAA, are necessary and suf®cient to direct polyadenylation during egg maturation of such mRNAs. A conserved trans-acting factor that is essential for cytoplasmic polyadenylation during maturation in Xenopus and mouse is the cytoplasmic polyadenylation element binding protein (CPEB) (Hake and Richter, 1994; Gebauer and Richter, 1996; Stebbins-Boaz et al., 1996) . Inter-species experiments revealed some evolutionary conservation between sequence elements controlling cytoplasmic polyadenylation in vertebrates and invertebrates (Verrotti et al., 1996) , although there appears to be at least some differences among species concerning the types of elements required for cytoplasmic polyadenylation (Schisa and Strickland, 1998) .
Cytoplasmic polyadenylation and translational activation have been studied mainly by injection of synthetic RNAs into oocytes. While translational activation of some injected RNAs requires the dynamic process of cytoplasmic polyadenylation (McGrew et al., 1989; Simon et al., 1992) , in other cases the mere presence of a long poly(A) tail is suf®-cient to enhance translation (Galili et al., 1988; Vassalli et al., 1989; Paris and Richter, 1990; Salles et al., 1994 ; Barkoff et al., 1998) . However, endogenous mRNAs may be subject to mechanisms of regulation that are evaded by synthetic RNAs injected into the cytoplasm, but rather may involve nuclear experience of natural mRNAs (Bouvet and Wolffe, 1994; Braddock et al., 1994) . These mechanisms may include assembly of masked mRNPs by association of maternal mRNA with members of the ubiquitous family of Y-box proteins that may confer translational repression (Wolffe et al., 1992; Wolffe, 1994) . Applying a prosthetic RNA strategy, however, it has been shown that a long poly(A) tail per se is suf®cient to support translational activation of endogenous c-mos mRNA in progesterone treated Xenopus oocytes. In these experiments, a synthetic poly(A) tail is attached by base pairing to endogenous mRNA that has had its own polyadenylation signals removed (Barkoff et al., 1998) . The perfect agreement between results with injected synthetic RNAs with those obtained with endogenous c-mos mRNA suggests that experiments with injected RNAs may also be a valuable tool in characterizing cis-acting elements of other mRNAs that are subject to translational regulation.
Several mRNAs that are polyadenylated and translationally active in oocytes are deadenylated and translationally inactivated during egg maturation in Xenopus (Hyman and Wormington, 1988; Fox and Wickens, 1990; Varnum and Wormington, 1990) . Further analysis of these RNAs failed to reveal speci®c cis-acting elements responsible for deadenylation, indicating that deadenylation during maturation occurs by default. In contrast, several mRNAs display a characteristic polyadenylation/deadenylation behavior during oocyte maturation and the post-fertilization period. This poly(A) tail elongation and shortening is paralleled by translational activation and repression, respectively (Paris et al., 1988; Paris and Philippe, 1990; Sheets et al., 1994) . In contrast to the default deadenylation during maturation, post-fertilization deadenylation is a sequence-speci®c process, that functions via a short cis-element named EDEN and an EDEN-speci®c RNA-binding protein. Functionally homologous EDEN elements have also been found in other mRNAs (Paillard et al., 1998) .
In this report, we analyze the mechanisms underlying the translational control of lamin B1 RNA during Xenopus oogenesis, egg maturation, and early development. We focus on the role of cis-acting elements of the lamin B1 mRNA and the state of polyadenylation of endogenous lamin B1 RNA as well as of RNAs introduced into oocytes and embryos by microinjection. Poly(A) tail length measurements were performed using a PCR-based poly(A) test.
Results

The 3
H -UTR of lamin B1 mRNA confers translational repression in oocytes Lamin B1 mRNA is stored as a maternal RNA pool in oocytes. It is translated only at a very low level during oogenesis (Lourim et al., 1996) and we indeed found that the amount of lamin B1 protein present in oocyte nuclei (germinal vesicles, GV) is below the limit of our detection system (Fig. 1A, lane 6) . To characterize cis-acting elements that confer translational repression in oocytes, synthetic lamin B1 mRNAs that either contain or lack the B1 3 H -UTR were injected into the cytoplasm of Xenopus oocytes. We used synthetic lamin B1 mRNAs that contained both 5
H and 3 H Xenopus b-globin UTRs to enhance stability. The 3 H b-globin sequence included a poly(A) 23 track followed by a poly(C) 31 tail in order to eliminate poly(A) tail modi®cation following injection (Wormington, 1991) . Synthesis of lamin B1 after overnight incubation was monitored on gel blots of isolated GVs with a lamin B1-speci®c antibody. RNA lacking the B1 3 H -UTR is readily translated while equivalent amounts of RNA containing the B1 3 H -UTR are translationally silent (Fig. 1A) . Equal loading of the lanes was controlled by immunodetection of the endogenous lamin B3 (Fig. 1B) . The two RNAs show comparable stability over the length of the experiment (Fig. 1C) . Synthetic B1 RNA containing the 3 H -UTR is readily translated in an in vitro translation system (Fig. 1A, lane 5) . This indicates that translational inhibition occurs via the interaction of the 3 H -UTR with factors present in the cytoplasm as opposed to direct inhibition due to a particular secondary structure of the 3 H -UTR.
CPE-like elements are suf®cient for translational repression in oocytes
To test whether the lamin B1 3 H -UTR can inhibit translation of an unrelated RNA, and to map cis-acting translational repressor elements in more detail, we injected reporter RNAs containing the chloramphenicol acetyltransferase (CAT) open reading frame (ORF) combined with different parts of the lamin B1 3 H -UTR (diagrammed in Fig. 2 ) and tested for CAT activity after overnight incubation of the injected oocytes. In the ®rst series of experiments, we tested RNAs that contained the 5 H and 3 H b ± globin UTRs ( Fig. 2A) 23 followed by a poly(C) 31 track. The CAT-ORF is represented as a large box, the lamin B1 3
H -UTR as a line, the bglobin 5
H and 3 H UTRs as hatched boxes, the two CPE-like elements as small boxes, and the canonical NPE as an oval. Mutation of the NPE AAUAAA to AAAAAA in construct B1-5cMut and mutation of the CPE in construct B1-2.3c are indicated by a X within the oval and the box, respectively. The nucleotide position of the ends of the constructs is given below the lines. Numbering is according to the Xenopus lamin B1 cDNA sequence (GenBank accession X06344). RNAs listed under (B) contain the Xenopus b -globin 5
H -UTR at their 5 H -end but lack the 3 H bglobin UTR. Translational activity as measured by CAT assay is given at the right: (-) translationally repressed, (1) translationally active. Fig. 1 . Translation of lamin B1 mRNA in oocytes is controlled by its 3 H -UTR. (A) Synthetic RNA encoding Xenopus lamin B1 either with (lanes 3,4) or without its 3 H -UTR (lanes 1,2) was injected into the cytoplasm of Xenopus oocytes and oocytes were kept for 15 h at 188C. Both RNAs were capped and contained both 5 H and 3 H Xenopus b-globin UTR sequences. The amount of injected RNA is given in femtomole above the lanes. Ten GVs were manually isolated each and were processed for SDS-PAGE and immunoblotting. An arbitrary amount of lamin B1 translated in vitro by programming a rabbit reticulocyte system with synthetic lamin B1 RNA containing the entire 3 H -UTR was applied (lane 5). Ten GVs of non-injected oocytes were run as a control (lane 6). Lamin B1 was detected by mAb L7-4A2. Note that the very low amount of endogenous lamin B1 present in GVs is not detected under our assay conditions. The position of lamin B1 is indicated by an arrow. (B) The blot shown in (A) was reprobed with mAb L6-5D5 that recognizes the endogenous lamin B3. Since the blot was not stripped after the ®rst detection, the lamin B1 signals are still present. The arrows indicate the positions of lamin B3 and B1, respectively. (C) Gel electrophoretic analysis of the stability of injected RNAs. [ assays were quantitated by Phosphoimager analysis. The results are summarized in Fig. 2 . They fell roughly into two categories: the RNA was either completely translationally repressed (less than 3% of the chloramphenicol had been acetylated) or they were translationally active (about 50^20% of the chloramphenicol had been acetylated depending on the individual assay but with no gross differences between different constructs). All RNAs that lack the region between nucleotides 2341 and 2389 of the lamin B1 mRNA (numbering according to Fig. 3 of Krohne et al., 1987) were translationally active, while RNAs that contain this region or parts of it were translationally repressed ( Fig.  2) . Sequence comparison revealed that this 48 nucleotide long region harbors two CPE-like elements with the consensus sequence U 4-8 AU. CPEs of this type have previously been described to govern, together with the canonical NPE, cytoplasmic polyadenylation and translational activation during oocyte maturation (Fox et al., 1989; McGrew et al., 1989; Vassalli et al., 1989) .
Since the 3 H b -globin UTR and the poly(A) poly(C) tract might interfere with polyadenylation and therefore potentially in¯uence the translational repression mechanism under study, we carried out a second series of injection experiments with reporter RNAs that lacked the 3 H b -globin sequences. Representative constructs are listed in Fig. 2B and the results of the CAT assay, together with the control of RNA stability are given in Fig. 3 . Signi®cantly, the results were essentially the same as with RNAs containing the 3 H bglobin sequences shown in Fig. 2A . RNAs that contain the region between nucleotides 2341 and 2389 are translationally repressed in oocytes (Figs. 2B and 3A) . Other RNAs that were tested without the b±globin 3 H -UTR sequences and that were repressed are CATB1-3a, CATB1-5c, CATB1-5cMut and CATB1-6.3 (not shown). RNAs that lack the CPE-containing region were readily translated in oocytes irrespective of the presence or absence of additional sequences at their 3 H end (RNAs listed in Fig. 2B , and RNAs CATB1-5.1 and CATB1-5.3, not shown). Moreover, the analysis showed that a single CPE is suf®cient for inhibition (Figs. 2B and 3, constructs CATB1-2.3, CATB1-3.4 and Fig. 2A , constructs CATB1-3a, CATB1-6.3, CATB1-7.1, CATB1-7.5). No signi®cant quantitative differences were observed between RNAs that contain the CPE(s) in context of nearly the entire lamin B1 3 H -UTR (Fig. 3A , constructs CATB1-2.3, CATB1-3.4) or in isolation ( Fig. 2A , constructs CATB1-7.1, CATB1-7.5). The minimal fragment that we tested and that functions as a repressor element is 27 nucleotides long (RNA CATB1-7.5; Fig. 2A ). Mutation of the CPE sequence UUUUAU into UCAGAU in the context of the CATB1-2.3 RNA completely abolished the inhibitory effect (CATB1-2.3c in Fig. 2B ) demonstrating that it is indeed the CPE sequence that mediates repression. Notably, a functional NPE is dispensable for this type of regulation, since mutation of the NPE AAUAAA to AAAAAA ( Fig.  2A , construct CATB1-5cMut) or its deletion has no effect on repression.
CPE-mediated repression can be overcome by titration of trans-acting factors
We observed that repression of CPE-containing reporter RNAs can be overcome by increasing the amount of the injected RNA ®ve to tenfold (data not shown). A possible explanation might be that trans-acting factor(s) that mediate repression become exhausted. To test this, CATB1-5c reporter RNA was co-injected with an excess of B1-5c RNA that contains two CPE elements but lacks the CAT-ORF (Fig. 4 , lane 9). We tested 20 £ , 40 £ , and 100 £ excess of competitor and observed a dose-dependent relieve of repression. In the presence of a 100-fold excess of competitor RNA repression of CATB1-5c RNA is nearly completely relieved when compared to CAT reporter RNAs that lack repressor elements (Fig. 4 , compare lane 7 and 9). Competition is speci®c since co-injection of the same molar excess of RNA B1-17b, an RNA of similar length but without CPEs (Fig. 2) , has no effect on the translational repression of CATB1-5c reporter RNA (Fig. 4 , lane 8). Neither the control nor the competitor RNA induces unspeci®c enzyme activity (Fig. 4 , lanes 5,6), nor does the relatively high amount of injected competitor RNA effect translation in general as monitored by measuring CAT activity of co-injected CAT-ORF RNA (Fig. 4, lanes 1±3 ). These experiments show that trans-acting factor(s) are involved in CPE-mediated translational repression in oocytes and that these factors can be titrated by introducing excess CPE elements.
Identi®cation of B1 CPE-binding proteins
Several proteins have been shown to bind to CPE-like elements. One of these, the Xenopus 62 kDa CPE-binding protein CPEB, is required for cytoplasmic polyadenylation of several mRNAs during maturation (Hake and Richter, 1994; Stebbins-Boaz et al., 1996) . CPEB is evolutionary conserved in vertebrates (Gebauer and Richter, 1996) and related proteins that function in translational repression have recently been identi®ed in the surf clam Spisula Walker et al., 1999) . To reveal polypeptides with which the lamin B1 CPEs may interact, 32 Plabeled B1 3
H -UTR transcripts were incubated with either total oocyte or egg extracts and exposed to UV light to induce RNA-protein cross linking. Lysates were digested with RNases and proteins that had become isotopically tagged by label transfer were revealed by SDS-PAGE and Phosphoimager analysis. Three, about 70 nucleotides long RNAs were tested that either contained (B1-5.2) or lacked (B1-5.1, B1-5.3) B1 CPEs (Fig. 5) . All three RNAs bound to two proteins with 52 and 54 kDa, while only RNA B1-5.2 bound strongly to two proteins with 34 and 42 kDa, respectively (Fig. 5) . The 52 and 54 kDa proteins were identi®ed as mRNP314/FRGY2 based on their thermostability (Deschamps et al., 1991) . When extracts were heated to 808C after UV exposure and proteins were separated into a pellet and supernatant fraction by centrifugation, the 52 and 54 kDa polypeptides were found predominantly in the supernatant fraction of soluble proteins while the 34 and 42 kDa proteins were in the pellet of heat insoluble proteins (not shown). mRNP314 are by far the most abundant RNAbinding proteins in Xenopus oocytes (Kick et al., 1987; Deschamps et al., 1992; Murray et al., 1992; Tafuri and Wolffe, 1993; Yurkova and Murray, 1998) . Binding of RNP314 could, however, be competed by adding an excess of unlabeled tRNA. Under these conditions, the two polypeptides of 34 and 42 kDa are strongly labeled (Fig. 5 , lane 2), while labeling of mRNP314 is reduced, indicating that mRNP314 proteins compete for binding with those proteins that speci®cally recognize the B1 CPEs. Binding of the 34 and 42 kDa polypeptides is speci®c, since these polypeptides are not cross-linked to RNAs B1-5.1 and B1-5.3 that lack CPE-like elements (Fig. 5, lanes 1,3) . No signi®cant binding of CPEB p62 was detected under our experimental conditions, indicating that other proteins, namely p34 and p42, are the principal components that interact with the lamin B1 CPE-like elements. Moreover, we observed the same pattern of radiolabeled RNA-protein complexes with extracts of mature eggs (not shown).
Lamin B1 mRNA is polyadenylated and deadenylated during development
Lamin B1 is translated at a very low level, if at all, during early cleavage divisions. Its translation is upregulated during MBT due to translational activation of maternal B1 mRNA (Stick and Hausen, 1985) . Quantitative RT-PCR with internal lamin B1-speci®c primers revealed that the level of B1 mRNA is constant throughout oogenesis and embryogenesis up to tailbud stages (not shown).
Since translational activation of mRNAs is often correlated with, and can be caused by, cytoplasmic polyadenylation, we determined the poly(A) tail length of lamin B1 mRNA in oocytes and embryos using a PCR-based poly(A) test (PAT) described by Salles and Strickland (1995) . The combination of a mRNA-speci®c primer with a poly(A) tail anchor primer allows poly(A) tail length measurement of speci®c RNAs. In contrast to previously applied methods, poly(A) tail length measurements with the PAT can be done with high resolution even for long mRNAs. It should, however, be noted that the PAT results presented in Figs. 6 and 7 do not directly re¯ect mRNA abundance, since different amounts of radioactivity were loaded per lane to allow visualization of PCR products even in those cases in which amplicons showed a broad size distribution due to the heterogeneity of poly(A) tail length. Since the speci®city of this test critically depends on the correct priming of the gene-speci®c oligonucleotide in the PAT-PCR, we ®rst tested the primer speci®city. We carried out a PCR with a second lamin-speci®c oligonucleotide as 3 H -primer that primed immediately upstream of the poly(A) tail. An amplicon of 344 nt, in perfect agreement with the expected size, was obtained (Fig. 6, lane 1) . Furthermore, restriction digests with HindIII of the amplicons that were obtained by the PAT generated two fragments of the expected sizes (not shown). Together, these controls demonstrate the speci®city of the assay.
The PAT product of oocyte RNA is about 10±20 nucleotides longer than the minimal length expected from the lamin B1 sequence indicating that the lamin B1 mRNA in oocytes contains a poly(A) tail of 10±20 nucleotides (Fig. 6,  lane 2) . A second product of about 265 bp is detected in all PAT ampli®cations of the endogenous lamin RNA as well as of the synthetic lamin B1 RNAs (Fig. 6, lanes 2±23 ). This band results from an internal priming of the oligo(dT)-anchor primer to an oligo(A) stretch starting at position 2368 of the lamin B1 mRNA. Signi®cantly, this band is not found in RNA constructs where this region is deleted.
To monitor possible changes in poly(A) tail length during maturation, oocytes were induced by progesterone to mature in vitro and RNA was analyzed at different times after hormone addition. At 8 h post induction, after the appearance of the maturation spot that indicates that germinal vesicle (GV) breakdown has occurred, the poly(A) tails are, on average, signi®cantly longer (Fig. 6, lane 3) , while after 16 h tail length is shortened again to about 20±30 nucleotides (Fig. 6, lane 4) . During early embryonic development, the poly(A) tails become gradually longer. Maximum length of about 130 nucleotides is reached at midblastula (Fig. 6, 10±12 cleavage) . At the end of gastrulation, tail length decreases again and at early tailbud stages the poly(A) tail length does not exceed 20±30 nucleotides (stage 22, Fig. 6, lane 23) . The latter observation was surprising given that the amount of lamin B1 protein increases throughout these developmental stages, as revealed by Fig. 6 . Poly(A) tail length of lamin B1 mRNA in oocytes and during development as determined by PAT. PCR products were separated by denaturing PAGE and visualized by Phosphoimager analysis. Embryos for RNA isolation were all from the same batch. PCR products of RNAs of oocytes (lanes 1±4) and embryos (lanes 5±12) (lanes 13±23), respectively, were analyzed on separate gels. An extra band of 265 bp is detected in all PAT ampli®cations. This band results from an internal priming of the oligo(dT)-anchor primer at an oligo(A) stretch beginning at position 2368 of the lamin B1 mRNA. Positions of size markers for lanes 1±4 are given at left, those for lanes 5±23 at the right. A PCR with PAT oligo(dT)-anchor primed oocyte cDNA as template and with two lamin-speci®c primers (see Section 4) was used as a control (internal). The cleavage cycles or the embryonic stages are given above the lanes. Note that the intensities of bands do not necessarily re¯ect mRNA abundance since different amounts of radioactivity were loaded per lane to visualize PCR products also in those cases were amplicons showed broad size heterogeneity due to variation in poly(A) tail length.
immunoblotting of nuclei of total embryos (Stick and Hausen, 1985) and by metabolic labeling (Benavente et al., 1985) . The PAT assay shows that in later stages of development, only B1 mRNA with relatively short poly(A) tails exists. The assay cannot, however, distinguish whether the maternal B1 mRNA is gradually deadenylated and degraded and replaced by newly transcribed embryonic RNA that never obtains a long poly(A) tail or whether the maternal B1 mRNA is stable throughout later stages of development and undergoes poly(A) tail shortening.
Polyadenylation of lamin B1 mRNA in early development is independent of CPEs
To distinguish between the two options described above, we analyzed whether synthetic RNAs injected into either oocytes or fertilized eggs would undergo a similar pattern of polyadenylation and deadenylation and whether these processes are CPE-and/or NPE-dependent. The same RNAs were tested for translational activation by assaying CAT activity. The following constructs, all of which lacked 3 H b ±globin sequences (see above), were tested: CATB1-5c, CATB1-5cMut, CATB1-6.1, CATB1-5.4, CATB1-6.4, and CATB1-7.3 (Fig. 2) and representative results of three RNA constructs are shown in Fig. 7 . For the ampli®cation of a PCR-product by the PAT method, a short oligo(A) stretch is required. None of the synthetic RNAs contained such an 3 H -oligo(A) stretch and, as expected, in vitro synthesized RNAs did not produce PCR products in this test (data not shown). In contrast, after injection into oocytes or embryos, the same RNAs produced PCR amplicons in the PAT that are slightly larger (about 10±15 nucleotides) than expected. This indicated that adenyl residues had been added to the 3 H -end of the injected RNAs in the cytoplasm. This elongation was observed with all RNAs irrespective of the presence of regulatory sequences. PAT results of the individual constructs were remarkably similar, differing most signi®cantly during oocyte maturation. CATB1-5c RNA that contains both, two CPEs and a canonical NPE is transiently polyadenylated and is translationally activated during progesteroneinduced oocyte maturation (Fig. 7A, lanes 2) . The extent of polyadenylation observed during maturation is less than in post MBT embryos (see also polyadenylation of the endogenous lamin B1 mRNA, Fig. 6 ). This might be due to the fact that polyadenylation during oogenesis is rapidly followed by poly(A) tail shortening and that in the presence of the two competing reactions maximal poly(A) tail length will not be reached.
CATB1-6.1 RNA, that contained the two CPEs but lacked a NPE was neither signi®cantly polyadenylated during oocyte maturation nor was it translationally activated during this stage (Fig. 7B, lanes 2) . CATB1-5.4 RNA that lacked both CPEs but contained the NPE was not polyadenylated (Fig. 7C, lane 2) and was translated in oocytes (Fig.  3A, lane 15) . During maturation, its translation was slightly Fig. 7 . Poly(A) tail length determination and translational activity of reporter RNAs injected into oocytes and fertilized eggs. RNA constructs containing either two CPEs (B) or a NPE (C) or both (A) are schematically represented at the top of each panel. Poly(A) tail length (poly(A)) and translational activity (CAT) were determined as described in the legends to Figs. 6 and 3, respectively. The expected length of amplicons in presence of 10 (A) residues is 269 nt for CATB1-5c, 195 nt for CATB1-6.1, and 220 nt for CATB1-5.4. For preparation of extracts, oocytes and progesteronetreated oocytes were taken 8 h after RNA injection. Embryos were injected in one cell of the two-cell stage and were taken at the stages indicated above the lanes in A. stimulated, an effect that was observed with all RNAs that are not translationally repressed in oocytes and may be explained by a general stimulation of the translational apparatus that has been described previously (Richter et al., 1982) .
With all types of RNA constructs, we consistently obtained a polyadenylation and deadenylation pattern during embryonic development that is very similar if not identical to that of the endogenous lamin B1 mRNA (Fig.  7A,B,C) . No signi®cant differences in the time course of polyadenylation or in the poly(A) tail length were observed. The maximal length of the poly(A) tails is 130±160 nucleotides, about the same length that was measured for the endogenous lamin B1 mRNA (Fig. 6) .
Deadenylation is often the initial step in mRNA degradation (Audic et al., 1997) . It should be noted, therefore, that the deadenylated synthetic RNAs are quite stable after injection into embryos. They have been detected at considerably later stages of development, up to stage 22 (not shown).
All constructs are translationally activated during MBT with similar kinetics. No signi®cant CAT activity was measured during the ®rst cleavages while later (4±6th cleavage) a signi®cant increase of CAT activity, paralleled by an increase of poly(A) tail length, was observed (Fig. 7) . This holds true also for those RNAs that are not repressed during oogenesis, taking into account the different incubation times during egg maturation and early development. Remarkably, the injected RNAs were translated even at stages, when poly(A) tails are shortened again (Fig. 7A±  C, lanes 12 ). This became especially clear when CAT assays of later stages were run with more diluted extracts to avoid saturation of the assay at high enzyme concentrations (data not shown). Taken together, these observations indicate that translation of these RNAs might not strictly depend on the presence of a long poly(A) tail in later stages of development, and that the RNAs remain stable despite poly(A) tail shortening.
Discussion
The regulated translation of maternal mRNAs is a major mechanism by which the early Xenopus embryo regulates gene expression. In the immature frog oocyte, a wide array of messages are translationally silent in the context of a translationally competent environment. In this report, we focus on the elements within the 3 H -UTR of lamin B1 mRNA that regulate the repression and subsequent activation in oocytes and early embryos as well as the potential role that cytoplasmic polyadenylation might play in translational regulation of this mRNA.
CPEs confer translational repression in oocytes
Our results show that a single short sequence within the lamin B1 3 H -UTR containing the consensus motif U (4-8) AU is suf®cient to confer translational repression of heterologous RNAs in oocytes. Mutational analysis of this sequence demonstrates the speci®city of the repressory function of this motif. Sequences of this type have been described as CPEs in Xenopus (Fox et al., 1989; McGrew et al., 1989) or ACEs in mouse (Vassalli et al., 1989) . In both organisms they govern translational activation during oocyte maturation. Moreover, ACEs play a dual role in mouse oogenesis: they confer cytoplasmic poly(A) shortening in the growing oocyte and poly(A) elongation during maturation (Huarte et al., 1992) . Similar sequences involved in translational regulation have been characterized in C. elegans (Evans et al., 1994) . We demonstrate here for Xenopus that sequences of this type can mediate translational repression in oocytes. In contrast to translational activation during maturation, the repressory function of the CPE is independent of the presence of a NPE. Moreover, synthetic RNAs that lack CPEs are translated after injection into oocytes. Our observation that the injected RNAs acquire only very short oligo(A) tails of not more than 10±15 nucleotides indicates that translation of these RNAs in oocytes is independent of polyadenylation. During the preparation of this manuscript, Stutz et al. (1998) reported that ACEs confer translational repression of tissue-type plasminogen activator mRNA in mouse oocytes. Repression of the endogenous mRNA can be relived by injection of an excess of ACE containing synthetic transcripts as revealed by zymography. Our attempts to translationally activate endogenous lamin B1 mRNA failed, probably due to the low sensitivity of our detection system. The results obtained with mice and with Xenopus differ in one aspect that might re¯ect differences between the two experimental systems. For mice it has been shown that injected RNAs must contain a short poly(A) tail to be translated in primary oocytes (Stutz et al., 1998) . In our experiments, all synthetic RNAs, irrespective of whether they contained a poly(A) tail, were translationally active provided they lacked CPE-like elements. This might be explained by our observation that all synthetic RNAs obtained a short poly(A) tail after injection into Xenopus oocytes or embryos and that this modi®cation was independent of a canonical NPE.
A translation inhibitory element within the 3 H -UTR has been described for another maternal Xenopus mRNA. A 180 nucleotide region of the FGF receptor mRNA located immediately downstream of the FGF receptor coding region is suf®cient to inhibit translation of heterologous reporter RNA in oocytes (Robbie et al., 1995) . Similar to the repressor elements described here, the FGF receptor repressor functions independently of a NPE, a poly(A) tail, or changes in the adenylation state of the RNA (Robbie et al., 1995; Culp and Musci, 1998) . Despite these similarities, the repressor elements within the lamin B1 mRNA and the FGF receptor mRNA show no obvious sequence similarity except that they are rich in uridine. They therefore represent distinct regulatory elements.
Translational repression of lamin B1 mRNA is mediated by trans-acting factors
In general, stored non-translated mRNAs are thought to be masked due to the binding of speci®c proteins (Spirin, 1966; Standart and Jackson, 1994; Richter, 1997) . Our competition experiments, presented in Fig. 4 , are consistent with this hypothesis. mRNA binding proteins, which are capable of inhibiting translation when added to in vitro translation reactions, have been characterized. They are particularly abundant in the cytoplasm of amphibian oocytes (Kick et al., 1987; Deschamps et al., 1992; Murray et al., 1992; Tafuri and Wolffe, 1993; Yurkova and Murray, 1998) . One of these proteins, mRNP314, is identical to FRGY2. It originally has been identi®ed as a transcription factor (Wolffe, 1994) and, at least in vitro, can recognize speci®c RNA sequences (Bouvet et al., 1995) . Although lamin B1 mRNA has originally been used to characterize mRNP314/FRGY2 (Murray et al., 1991) , several observations argue against a speci®c role of FRGY2 in repression of lamin B1 mRNA. The RNA sequences that are speci®cally recognized by FRGY2 are different from those that confer translational repression in our study. In UV cross-linking experiments of oocyte extracts, mRNP314/FRGY2 binds less ef®ciently to lamin B1 RNA constructs that contain CPEs than to RNAs that lack these motifs, indicating that other proteins that speci®cally recognize the CPE-like elements (p34, p42) compete with mRNP314/FRGY2 for binding. FRGY2 binds to lamin B1 mRNAs and inhibits its translation in vitro (Yurkova and Murray, 1998) , but this inhibition lacks the speci®city observed in vivo since both the in vivo masked lamin B1 mRNA and N038 mRNA that is ef®ciently translated in the oocyte are affected. Our UV cross-link experiments show that the CPE-binding protein CPEB p62 that is required for cytoplasmic polyadenylation of several mRNAs during maturation (Hake and Richter, 1994; Stebbins-Boaz et al., 1996) does not bind to the lamin B1 CPEs. In view of the high sequence similarity between the CPEs, this might be surprising. However, it should be emphasized that lamin B1 mRNA regulation follows different paths than regulation of mRNAs for which CPEB has been shown to be implicated in maturation speci®c polyadenylation. B1 mRNA is only transiently polyadenylated and activated during oocyte maturation but is deadenylated in fully matured eggs (see below). We ®nd that the two proteins with 34 and 42 kDa that speci®cally bind to lamin B1 CPEs do so in oocyte as well as in egg extracts. This observation supports the assumption that these proteins might be involved in B1 mRNA regulation. Two proteins of similar size of 36 and 45 kDa have been shown to bind CPEs (Simon and Richter, 1994; Simon et al., 1996) . The 36 kDa has been identi®ed as ElrA, a member of the ELAV family of RNA-binding proteins (Wu et al., 1997) . A repressory function has not been ascribed to either of these proteins yet and further experimentation is needed to clarify whether they are identical to the proteins bound to lamin B1 CPEs described here.
Transient polyadenylation of lamin B1 mRNA during meiotic maturation
Cytoplasmic poly(A) tail lengthening of speci®c maternal mRNAs accompanies their translational activation during meiotic maturation and is dependent on the presence of CPEs and a NPE within the 3 H -UTR (reviewed in Richter, 1996; Wickens et al., 1996) . Our results show that the same sequence elements of the lamin B1 mRNA that confer translational repression in oocytes function as CPEs in meiotic maturation. In contrast to the repressory function, the function during maturation is dependent on an active NPE. Moreover, reporter RNAs that contain both the lamin B1 CPE(s) and a NPE are translationally activated during maturation (Fig. 7A ). These observations are in line with a large number of studies that have been carried out to characterize cis-acting elements involved in cytoplasmic polyadenylation and translational activation (reviewed in Osborne and Richter, 1997) . The actual sequence of CPEs as well as the spacing between the CPE(s) and the NPE varies between different maternal mRNAs. This diversity might suggest a complex array of interacting factors or different af®nities of the same factor(s) for multiple CPEs (McGrew and Richter, 1990) . However, it might also re¯ect the speci®c timing of polyadenylation of different RNAs. We have observed that polyadenylation of the endogenous lamin B1 mRNA during maturation is transient. Polyadenylation is followed by deadenylation later in maturation and poly(A) tail length in unfertilized eggs equals that of immature oocytes. Signi®cantly, microinjected synthetic RNAs that contain the lamin B1 CPEs and a NPE show the same maturation dependent polyadenylation and deadenylation. Moreover, the presence of the two competing reactions might explain why poly(A) tails of B1 mRNA are longer during MBT than during progesterone induced maturation. In conclusion, CPEs with similar but not identical sequences might confer different temporal patterns of polyadenylation.
Deadenylation is the initial step in the degradation of many mRNAs (Beelman and Parker, 1995) . In Xenopus, the deadenylation of a mRNA during maturation can provoke its degradation at blastula stages (Audic et al., 1997) . In contrast to other mRNAs that are deadenylated either by default or in a sequence-speci®c process maternal lamin B1 mRNA persists after maturation-dependent shortening of its poly(A) tail.
Polyadenylation of lamin B1 mRNA during embryogenesis
Xenopus maternal lamin B1 mRNA is dormant during early cleavage stages and becomes translationally activated during MBT (Stick and Hausen, 1985) . The polyadenylation pattern of lamin B1 mRNA in early cleavage stages, described here, is consistent with a role of polyadenylation in translational activation. Surprisingly, poly(A) tail length of endogenous lamin B1 mRNA decreases later in development. After mid-neurula, the poly(A) tail length equals that of immature oocytes and unfertilized eggs. The amount of lamin B1 protein, as revealed by immunoblotting (Stick and Hausen, 1985) or by metabolic labeling (Benavente et al., 1985) , steadily increases after MBT, indicating that translation of lamin B1 mRNA lacking a long poly(A) tail continues. Our poly(A) tail length measurement, however, does not distinguish between maternal and embryonic transcripts. It could therefore be possible that, while the maternal message is gradually deadenylated and degraded, it is replaced by embryonic transcripts that contain only very short poly(A) tails or become deadenylated after transit into the cytoplasm. Our observation that synthetic transcripts injected into fertilized eggs show the same time course of polyadenylation and deadenylation indicate that a stage speci®c deadenylation activity might exist in Xenopus. A deadenylating nuclease, which has recently been characterized in Xenopus, is a possible candidate to carry out deadenylation at these stages (Ko Èrner et al., 1998) . Our experiments with the synthetic RNAs, furthermore, show that polyadenylation and deadenylation during embryogenesis do not rely on the same sequence elements that govern translational regulation during oogenesis and maturation. Embryonic CPEs have been characterized for several maternal Xenopus mRNAs. They function in conjunction with a NPE and the spacing between the CPE core sequence of 12± 18 uridine residues and the NPE is thought to be critical for the temporal control of polyadenylation during embryogenesis (Paris and Philippe, 1990; Simon et al., 1992; Simon and Richter, 1994) . Oligo(U) stretches longer than eight uridine residues are not present in the lamin B1 3 H -UTR. From our present analysis it is unlikely that other, hitherto unidenti®ed, sequence elements within the B1 3 H -UTR might function as embryonic CPEs since all constructs showed the same temporal pattern of regulation in our experiments. These sequence elements, if present, should be found in each of the non overlapping fragments of the lamin B1 3
H -UTR that were tested. Such sequences, however, have not been found. The smallest of these RNAs (CATB1-7.3, Fig. 2A ) contained only 32 nucleotides of the B1 3 H -UTR. Our results suggest a mechanism of polyadenylation/deadenylation and translational activation of lamin B1 mRNA in embryogenesis that is developmentally controlled, but that acts independently of the sequences operational in oogenesis and during egg maturation.
Experimental procedures
4.1. Plasmid construction and synthetic RNAs 4.2. Oocyte and embryo microinjection Xenopus laevis oocyte and embryo techniques were as described (Firmbach-Kraft and Stick, 1993; Stick and Hausen, 1985) with the following modi®cations. Cysteine treated embryos were placed into 1% Ficoll in 0.5£ MBS for injection. One hour post-injection they were transferred into 0.5% Ficoll in 0.1£ MBS for an additional 1 h and were ®nally reared in 0.1£ MBS.
20 nl of the appropriate RNA in water was injected per oocyte or stage 2 embryo. RNA solutions were adjusted to equal molarity.
Protein analytical methods
GVs were manually isolated and processed for SDS-PAGE as described (Firmbach-Kraft and Stick, 1993) . Electrophoretic transfer and immunolabeling was as described (Stick, 1988; Huttenlauch et al., 1998) . Lamin B1 was detected with mAb L7-4A2 and lamin B3 with mAb L6-5D5. Ascites¯uids of both mAbs were diluted 1:2000 in PBS and incubated over night at 48C. Secondary antibody was peroxidase-conjugated goat anti-mouse IgG (Dianova, Germany) diluted 1:20 000. The immunocomplexes were detected by chemiluminescence using the ECL system (Amersham, UK) and ECL Hyper®lm (Amersham, UK). Synthetic RNAs were translated in vitro using a rabbit reticulocyte lysate system (Promega, USA) and 35 [S]-methionine (1000 Ci/mmol) (Amersham) and processed for SDS-PAGE as described (Stick, 1988) .
CAT-assay
Ten to 15 oocytes or embryos were homogenized in 250 mM Tris-HCl, pH 7.5 (30 ml/oocyte) by pipetting with a blue tip. The homogenate was centrifuged at 14 000 g for 15 min. To 6 ml of the clear supernatant, 70 ml 250 mM TrisHCl, pH 7.5, 20 ml 10 mM acetyl-CoA (Merck), and 4 ml [ 14 C]-chloramphenicol (50±62 mCi/mmol) (Amersham) were added and incubated for 3 h at 378C. The reaction was stopped by addition of 500 ml ethyl acetate, mixed and phase separated by centrifugation as above. Of the upper phase, 400 ml was dried and taken up in 10 ml ethyl acetate and separated by thin layer chromatography as described (Gorman et al., 1982) . Conversion to acetylated chloramphenicol was quantitated using a Phosphoimager (Molecular Dynamics).
Analysis of RNA stability
RNA from oocytes was extracted, separated on 1% formaldehyde agarose gels and blotted to nitrocellulose sheets as described (Stick, 1988) . Detection of radiolabeled RNAs was performed by phosphoimaging.
Poly(A) test (PAT)
Poly(A) tail length measurements were performed by PAT, essentially as described (Salle Âs and Strickland, 1995) . Per assay, 1 mg of puri®ed total RNA was used. PCR primers speci®c for the lamin B1 3 H -UTR were 5 H -CTGTGTCCGGACAGCGGTTCCTGGAG-3 H as 5 H primer and 5
H -GAAGATCTAAATCCCCTTTTTTTTTGTTCA-GTTTAAGTAAAC-3
H as an internal primer at the 3 H -end. For the ampli®cation of CAT RNAs, an oligonucleotide hybridizing close to the end of the CAT-ORF 5
H -GCGAT-GAGTGGCAGGGCGGGGCG-3 H was used as primer. PCR products were puri®ed and separated by electrophoresis on denaturing polyacrylamide gels using standard procedures. Gels were analyzed by phosphoimaging.
UV cross-link experiments
Collagenase treated oocytes (Firmbach-Kraft and Stick, 1993) or dejellied eggs were homogenized by pipetting up and down with a blue tip. The homogenate was centrifuged at 12 000 g for 12 min at 48C in a Beckman TL-100 ultracentrifuge. The cytoplasmic phase between the lipid layer and the yolk was carefully removed, supplemented with 10 mg/ml each cytochalasin B, aprotinin and leupeptin and centrifuged two times at 100 000 g for 75 min at 48C. The clear supernatant was supplemented with glycerol (10% ®nal concentration) and frozen in liquid nitrogen. Protein concentration was determined with Bradford reagent (BioRad).
For cross-linking 100 000 dpm 32 P-labeled RNA was mixed with 135 mg tRNA in a total volume of 16 ml binding buffer (10 mM Tris-HCl (pH 7.5), 100 mM NaCl, 2.5 mM MgCl 2 , 200 mM b -mercaptoethanol, 10% (v/v) glycerol). The RNA was heated for 5 min at 908C and chilled on ice and transferred into a well of a microtiter plate (Falcon No. 3912) . Of the extract, 20 mg in 4 ml was added, mixed and incubated for 10 min at RT. The mixture was then UV irradiated with 4000 mJ/cm 2 in a Stratalinker (Stratagene) on ice. After UV treatment, 1 ml of 1 mg/ml RNase A/5 U/ml RNase T1 (Sigma) was added and samples were incubated for 1 h at 378C. Finally, samples were mixed with one volume 2£ concentrated sample buffer and separated on SDS-PAGE.
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